I describe the current status of our sequence analysis software. The package contains a comprehensive suite of programs for managing large shotgun sequencing projects, a program containing 61 functions for analysing single sequences and a program for comparing pairs of sequences for similarity. The programs that have been described before have been improved by the addition of new functions and by being made very much easier to use. The major interactive programs have 125 pages of online help available from within them. Several new programs are described including screen editing of aligned gel readings for shotgun sequencing projects; a method to highlight errors in aligned gel readings, new methods for searching for putative signals in sequences. We use the programs on a VAX computer but the whole package has been rewritten to make it easy to transport it to other machines. I believe the programs will now run on any machine with a F0RTRAN77 compiler and sufficient memory. We are currently putting the programs onto an IBM PC XT/AT and another micro running under UNIX.
INTRODUCTION
The package of programs I describe here has been constantly extended and enhanced since the first simple routines were published 1n this journal in 1977 (1). It has been developed mostly in response to the needs of several very active sequencing groups here at the Laboratory of Molecular Biology. For example, the shotgun data handling programs (2,3,4) have been used for two of the largest sequencing projects so far undertaken, the complete sequences of bacteriophage Lambda (5) and Epstein Barr Virus (6). As well as providing a thorough test for data handling programs and an incentive to achieve efficiency, such sequencing projects always produce new computing problems.
One important class of problem that they have highlighted is that of trying to understand the function of new sequences when very little else 1s known about their properties. One method for understanding function is to The package of programs described 1s available for $150 (non-profit) or $8000 (commercial).
compare new sequences against all the sequences contained in sequence libraries such as GenBank (7) NBRF (8) and EMBL (9), and programs for this purpose have been described by others (10,11). Another way of trying to understand the function of new sequences is to analyse the content of each section of the sequence to see if it has the properties of protein coding sequences (12), or contains signal sequences such as promoters or ribosome binding sites (13). These types of problem are addressed by the methods contained in the program ANALYSEQ (14). This program also has facilities for the more frequently performed searches like those for restriction enzyme binding sites, and routines for listing and translating sequences and counting codons etc. Programs for comparing sequences by the so called 'dot matrix' method abound. Our version OIAGON (15) 1s used interactively from a simple graphics terminal and contains a fast and sensitive comparison routine first described by McLachlan (16). For proteins it uses a score matrix MDM78 (17) based on accepted point substitutions in known protein families.
The value of a program to users depends on a number of things: it might be the only one that does a particular job, or it might be fastest, 1t might be easiest to use; it might be the only program of its type that runs with a particular operating system or machine. Generally it 1s a combination of all of these things and recently I have been working on the last two aspects, making the programs very much more easy to use, and have reorganised and rewritten them to make them portable.
The paper gives a summary of the current capabilities of the programs in the package with detail about new programs or functions, describes the improvements in ease of use, and outlines the conversion to portability. Some Information about the simple changes required to get the programs running on different machines is also given.
THE SHOTGUN DATA HANDLING SYSTEH
In the design of our shotgun data handling package emphasis has been placed on assuring the accuracy of the final sequence and minimising the amount of time users need to spend checking their data and running the programs. The accuracy of each gel reading depends on the sequencers ability to interpret his autoradiographs and the number of errors he makes in transferring his data Into the computer. In shotgun sequencing projects the sequence will be determined many times and the accuracy of the final sequence depends on both the individual gel readings and on the number of times the sequence has been determined on each strand of the DNA. Our shotgun data handling package (the 'DB system 1 (2,3,4)) has several components: use of digitizers for data entry, automatic screening-out of cloning vector sequences and ligated fragments, automatic comparison and alignment of new sequences with previous data, and interactive checking and editing of sequences. Below I outline its use.
Gels are simultaneously interpreted and their sequence read into the computer using a program that utilizes a sonic digitizer (4). This program (GELIN) has a new lane following algorithm and has recently been implemented on a micro computer (18) . Use of a micro allows us to work anywhere in the laboratory and batches of data can now be stored on floppy disks and later transferred to the larger machine for processing.
The next stages in the processing are automatic 1n that they require no user intervention (3). Gel readings are treated in batches as passed on from GELIN. The readings may contain only the sequences of the vectors used in their preparation, or may include a restriction site indicating a religation event or the circularisation site used prior to sonication (19) . To check for these problems the data is passed through programs SCREENV and SCREENR and only good data 1s passed on to the next stage.
The data for a sequencing project is stored in a project database. When a new gel reading is put into the database 1t is aligned with all the previous data that it overlaps. This process was once performed in two parts. overlaps were found by one program (DBCOMP) and users would align overlapping sequences interactively as they added them to their project database using the program DBUTIL. Automation of these two parts was first described 1n 1982 (3). A program DBAUTO takes the data passed on from the screening programs, calculates a consensus for the current state of the project database, and then compares each new gel reading in turn with the consensus. It then adds each new gel reading to the database, automatically aligning it correctly with all the other gel readings overlapped. After each sequence is added to the database the consensus is updated ready for the next comparison. On the VAX it takes about 1 second to compare and align a 250 base gel reading with a consensus of 10,000 bases. The screening programs run at similar speed. DBAUTO achieves alignments by Inserting padding characters in the shorter of the two sequences. These padding characters can be left 1n the sequences until such time as sufficient information is available to decide which sequences are correct. Because the data 1s sequenced so many times 1t 
THE ANALYSIS OF SINGLE SEQUENCES
Almost all of our analysis of single sequences 1s performed using the program ANALYSEQ (14 Some of these problems require graphical representation of results and need to be interactive, and so the program is used from a graphics terminal (a vdu on wtiich lines and points can be drawn as well as characters). The reason for using graphical output is that sequences are getting too long for us to be able to grasp their organisation by looking at listings. Furthermore, in the deduction of properties, we are mostly dealing with probabilities and need to apply several different methods because no single one gives a conclusive result. Graphical output allows us to superimpose the results from different types of search enabling us to judge their consistency. Thus we can easily check whether the most probable reading frame is free of stop codons and preceded by a promoter and a ribosome binding site. (24) and Ovalbumin (25) .
The most simple-minded algorithms look for runs of identical sequence elements. The result of applying such an algorithm to our test sequences 1s shown in Figure 4a , where all runs of at least 2 identical amino acids are marked by a dot. As can be seen any similarity is hard to spot. A dramatic improvement can be achieved by looking diagonally left and right from each point in the matrix, counting the number of Identical sequence elements found within a given distance, and then marking all points where some minimum number of identities are found. For our test sequences, 1f we look diagonally over a distance of 21 amino acids, and draw a dot at each point where at least 7 identical amino acids are found within the 21 positions, we get the result shown 1n Figure 4b . The similarity 1s now obvious. A further improvement can be gained if, instead of looking for Identities, we take into account the similarities of amino acids, and using a score matrix that gives similarity values for all pairs of amino acids, we sum the scores found along each diagonal.
By applying this method and the relatedness odds matrix K)M78 (17) to our test sequences we get the result shown in Figure  4c .
Each of these methods is available in DIAGON but obviously the latter, first described by McLachlan (16), is used most often. The test sequences are 418 and 385 amino acids in length and each plot took less than 6 seconds on a VAX 11/780. The whole figure was produced as shown in a few minutes using only DIAGON.
PORTABILITY
One of the reasons for the proliferation of sequence analysis software packages is that most of the available programs are not portable. I believe that, in its present form, the package described in this paper can now be easily got running on any machine with sufficient memory (see below) and a FORTRAN77 compiler. In order to achieve this I have recently reorganised and rewritten all of the programs. I have adhered completely to the F0RTRAN77 standard for programs not using graphics, and for graphics to the Tektronix Plot4010 standard. Program size is another factor affecting portability. As all of the programs currently keep the whole of each sequence in memory during analysis, the size of the programs depends on the length of the longest sequence they can handle. As a guide, for a maximum sequence length of 50,000 bases, the sizes of the largest programs on the VAX are: DBUTIL = 159k, DBAUTO = 364k, DIAGON = 4O3k, ANALYSEQ = 533k bytes. (ANAUSEQ is actually set for sequences up to 180,000 bases.) For all programs the maximum sequence length is set by a single PARAMETER statement and so is easily changed.
Use of graphics presents its own portability problems. This is because as yet, we have no device Independent standard for graphics and some of the necessary operations cannot be coded in F0RTRAN77, and also because each particular device can influence the way the graphics is used to present results to the user.
We run our graphics programs on a VT100 terminal that has been modified (27) to give two Independent planes -one the normal scrolling text plane, and the other a fixed graphics plane. This enables us to draw a graph which will stay on the screen, and to prompt users in the text plane, these prompts and the users replies will initially overwrite the graph but will subsequently scroll up off the screen leaving the graph in position. Obviously such a fadlty is very convenient and on devices with only a single plane we would need to use separate windows for text and graphics to achieve a similar effect. Although a number of manufacturers make terminals that offer two planes there is not a DEC (28) equivalent and so some users have not been able to use the programs as intended. An alternative, and one which we intend to take with the UNIX micro, 1s to use two terminals side-by-side: one for scrolling text and the other for graphics. On a VAX this could be done using a VT100 and a VT240 and would require one OPEN statement to be changed in the system specific subroutines.
The graphics routines for the programs have also been completely rewritten and reorganised to conform to the Plot4010 standard and, as far as is possible, F0RTRAN77. They are separated into two levels. the higher level takes care of all scaling, clipping etc, and is independent of the graphics standard used, the lower level routines set up the escape sequences for the Plot4010 standard. Each set of routines forms a separate library and again those sections of code, in the lower level routines, that could cause problems on different machines have been isolated and clearly identified. They could easily be replaced by, or interfaced to, a different standard.
One further area of possible difficulty concerns the use of program GELIN. GELIN allows users to delete characters from the sequences they are reading after they have appeared on the terminal screen. This requires the program to control the cursor position and hence 1s terminal specific. The F0RTRAN77 version of GELIN therefore expects to be run from a VT1OO compatible terminal.
The version for the micro computer 1s written in BBC BASIC and can only be run on the BBC ACORN model B.
DISCUSSION
I have summarised the current capabilities of our sequence analysis programs.
The package currently contains 24 programs, libraries containing over 300 subroutines, and consists of over 20,000 lines of F0RTRAN77. Apart from the new programs and routines, of most interest to existing users will be the improvement in ease of use. I know of no way 1n which the programs can be crashed: all user input is checked for errors and defaults are offered for many values. The help functions within the programs currently give access to 125 pages of Information describing both the purpose of each function and giving instructions on their use. Help can be selected on each Individual option and will appear one page at a time. The user can page through the information by typing carriage return, or can switch to help on another option by typing the number 1. The Information appears Instantly. All of the textual output produced by the programs can be sent to disk files for later printing or editing.
This means, for example, that tables or sequences can be annotated ready for publication.
Of Interest to those who do not have access to a VAX is the fact that the programs are now easily moved to other machines. We Dian to have the programs running on IBM PC XT and AT's and on UNIX machines by the time this article appears.
We are also hoping to get feedback from those with other machines to see what changes to the code they found necessary. This information can then be passed on to people with similar machines.
When the programs are distributed VAX users receive a set of simple command procedures that will get all the programs up and running, those with other machines receive notes on which subroutines may need changing.
Of course, all future new programs will be written in portable code.
